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ABSTRACT: The carbohydrate, lipid, and protein composition of coral tissue
and zooxanthellae were compared in Hawaiian Pocillopora damicornis (Lin-
naeus) colonies kept at different ammonium levels. Corals were maintained at
two levels of ammonium enrichment (20 IlM and 50 IlM), in locally drawn
seawater with < I IlM ammonium, and in water stripped of ammonium by
running over a flume with macroalgae. No significant differences due to the
treatment were found in the biochemical composition of the coral tissue. The
values from control corals were 900, 275, and 170 Ilg/cm2 for protein, carbohy-
drates, and lipids, respectively. Under all treatments the carbohydrate levels of
zooxanthellae were inconsistent, but did not differ much from the control value
of about 650 pg per cell. Lipid content in the control of nonenriched algae
remained at ca. 140 pg per cell. However, in the 20-IlM treatment algal lipid
content increased to about 200 pg per cell during the second and fourth weeks,
decreased slightly at 6 weeks, and remained at 164 pg per cell after 8 weeks. In
the 50-IlM ammonium treatment, there was a decrease to levels of about 40 pg
lipids per cell for the entire period. Protein content increased from a control
value of 590 pg per cell to ca. 950 pg per cell after 2 and 4 weeks of 20-IlM
ammonium enrichment and then after 6 weeks dropped back to the control
level. At 50-IlM ammonium the algal protein content increased after 2 weeks
and remained at about 900 pg per cell after 6 and 8 weeks. The preliminary
nature of this study is emphasized.
that a change in nitrogen supply influences
the relative composition of their carbo-
hydrates, lipids, and protein. Planktonic algae
have received scientific attention mainly in
relation to their nutritional value to other or-
ganisms. Parsons et al. (1961) analyzed the
chemical composition of II phytoplankton
species grown in culture under similar chemi-
cal and physical conditions. Their results
showed that, under uniform conditions,
marine phytoplankton have very similar or-
ganic composition regardless of their size or
the taxon to which they belong. Strickland
et al. (1969) compared the composition of
phytoplankton cells grown in large tanks
where conditions were closer to natural and
showed that biochemical composition is not
Bar-I1an University, greatly affected by differences in the nutrient
concentration of the environment. They did
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DATA PRESENTED IN this paper are from
a workshop on nutrient limitation in the
symbiosis between zooxanthellae and reef-
building corals, which took place at the
Hawaii Institute of Marine Biology during
August 1991. The chemical oceanographic
context of the workshop was covered by
Atkinson (1988), and the overall structure of
the various experiments and their relation to
the biological aspects of nutrient limitation
in zooxanthellate corals are introduced by
Stambler et al. (1994).
Literature on phytoplankton indicates
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find, however, that differences occur depend-
ing on the source of the nitrogen. In the
peridinian dinoflagellate Cachonina niei
(Loeblich) Morrill & Loeblich, a deficiency in
nutrient salts leads to an increase in carbohy-
drate concentration. Dilylum brightwellii syn-
thesizes more lipids when nitrogen is supplied
in the form of nitrate rather than as ammo-
nium. On the other hand, there are results in-
dicating major changes in the carbohydrate,
lipid, and protein content of phytoplankton,
grown in large enclosed experimental bags,
associated with nutrient limitation (Morris et
al. 1983).
Changes in the biomass production and
protein and lipid content of two green algae,
Chlorella vulgaris Beij. (K. & H.) and Scene-
desmus obliquus (Turp.) Klitz, grown under
different nitrogen regimes were studied by
Piorreck et al. (1984). They found that high
nitrogen levels led to an increase in biomass
and protein content. At low nitrogen levels
the algae contained a high percentage of total
lipids. Harrison et al. (1990), working with
three species of marine phytoplankton, Iso-
chrysis galbana Parke, Chaetoceros calcitrans
Ehrenberg, and Thalassiosira pseudonana
Cleve, grown in batch or semicontinuous cul-
ture, found changes in protein, carbohydrate,
and lipid concentrations under different
nutritional conditions. Under N starvation,
the percentage of lipids remained relatively
constant, while carbohydrate percentage in-
creased and protein levels decreased. On the
other hand, cultures of Euglena in nitrogen-
deficient conditions accumulated carbo-
hydrates and lipids (Coleman et al. 1988).
Shifrin and Chisholm (1981) measured the
lipid content of about 30 species of phyto-
plankton. They found that nitrogen depriva-
tion for 4 to 9 days resulted in a two- to three-
fold increase in the lipid content of green
algae, whereas both increase and decrease
were noted in diatoms, depending on the
species.
The effect of salinity and high nutrient
concentrations on the marine microalga Iso-
chrysis galbana using NaN03 as a nitrogen
source was studied by Fabregas et al. (1986b).
When nutrient concentration was increased
up to 8 mM, the total protein content of the
cells increased. At higher nutrient concentra-
tions the total protein content of the cells
diminished drastically, probably as a result
of toxic effects. The same authors (Fabregas
et al. I986a) demonstrated great variability in
chemical composition in cultures of Duna-
liella tertiolecta Butcher. During logarithmic
growth, protein concentration was not re-
lated to nutrient concentrations, but in the
stationary phase, protein cell content reached
its maximum value at 16 mM nitrate. Maxi-
mum quantities of carbohydrates were also
obtained at that nitrate concentration.
In contrast, there is limited information
available on the biochemical composition of
symbiotic algae. Muscatine et al. (1989) mea-
sured the effect of ammonium and phosphate
enrichment on the carbohydrate, lipid, and
protein content of both zooxanthellae and
coral tissue of Stylophora pistil/ata Esper.
Analysis of coral tissue revealed no trends
with treatment; however, in the zooxanthel-
lae carbohydrate content decreased under
ammonium enrichment.
An essential difference exists between free-
living algae and symbiotic zooxanthellae in
terms of fate of their metabolites. In free-
living phytoplankters, most of the excess
metabolites are directed toward cell repro-
duction. In symbiotic zooxanthellae, most of
the metabolites are translocated and used by
the host (Davis 1984, Muscatine et al. 1984,
Achituv and Dubinsky 1990). Muscatine
(1990) reviewed the role of zooxanthellae in
energy flux in reef corals and concluded that,
in general, the in situ growth rate of zoo-
xanthellae in corals appears to be relatively
slow and represents a relatively small sink for
photosynthetically fixed material. Because of
translocation, zooxanthellae concentration in
the host's cells remains essentially constant
and can be regarded as being in a stationary
phase. However, because there is evidence
that some zooxanthellae are continually re-
leased by the coral, we have to assume that
the increase in zooxanthellae numbers has to
exceed that required to maintain a constant
density in a growing coral, because it also has
to account for losses via expulsion. Expulsion
of zooxanthellae by Stylophora pistil/ata did
not exceed 0.1 % of the standing stock of
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algae, which in terms of carbon represents
O.oI % ofthe total daily fixed carbon (Heegh-
Guldberg et al. 1987). Because most of the
metabolites are translocated, it can be as-
sumed that changes in the nutritional condi-
tions of zooxanthellae are also likely to affect
the nutritional condition of the coral animal
host. Nitrogen content is higher in zooxan-
thellae from Porites furcata Lamarck colo-
nies with resident grunt fish schools than
in zooxanthellae from colonies without fish
(Meyer and Schultz 1985). Colonies of
Porites furcata and Acropora palmata
(Lamarck) with fish schools also showed an
increase in coral tissue nitrogen. Nitrogen en-
richment by the grunt excretory and fecal
material might be responsible for the increase
in nitrogen in the zooxanthellae and coral
tissue.
A nutrient is limiting when an increase in
the flux of that nutrient elicits a metabolic
response (Parsons et al. 1984). It has been
hypothesized that coral reefs are nutrient-
limited and that nutrient enrichment will in-
crease their metabolic response and change
the gross productivity (Atkinson 1988, Mus-
catine et al. 1989). This was one of the hy-
potheses examined during the Hawaii work-
shop. Carbohydrate, lipid, and protein con-
tent were measured in animal tissue and in
zooxanthellae from corals grown in different
levels of ammonium enrichment.
MATERIALS AND METHODS
The experimental procedure and treat-
ment of the Pocillopora damicornis (Lin-
naeus) colonies are described by Stambler et
al. (1994). After collection, the colonies were
incubated in seawater containing 20 J.lM or
50 J.lM ammonium, in ambient seawater with
< 1 J.lM ammonium, and in nutrient-deprived
water, which was run over the macroalga
Graci/aria salicornia Greville for nutrient
stripping. Separation and processing of ani-
mal tissue and zooxanthellae are described
by Muller-Parker et al. (1994). The number
of colonies analyzed for each experimental
treatment is given in Table 1. The coral tissue
was removed from the skeleton using the
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Water Pik technique (Johannes and Wiebe
1970) in filtered seawater (glass filterIC), and
subsamples from a known volume of the
homogenate were taken for cell counts. A
subsample of the total coral homogenate
was centrifuged, and the algal pellet was re-
suspended two times in filtered seawater. A
subsample of the combined supernatant was
used for the determination of carbohydrates,
lipids, and proteins of the animal tissue. The
algal pellet was resuspended in a known vol-
ume of filtered seawater, and the algal cell
concentration of this suspension was deter-
mined (Muller-Parker et al. 1994). Known
volumes (ca. 10 ml) of the algal suspension
and of the animal fraction were freeze-dried
and used for the analysis of biochemical con-
stituents of the zooxanthellae and coral tissue
at a later date at Bar-Han University in Israel.
Surface area of the corals and algal concen-
trations were obtained from calculations
made by G. Muller-Parker (pers. comm.).
The freeze-dried material was resuspended
in distilled water and made up to the original
volume. The zooxanthellae samples were
sonicated for 5 min, then analyzed for pro-
tein concentration using the method of
Lowry et al. (1951) with BSA as a protein
standard. Lipids were extracted from the
samples using chloroform: methanol (2: 1);
then subsamples were transferred to test
tubes and evaporated to dryness. Total lipids
were analyzed by the microanalytical method
of Marsh and Winstein (1966) with palmatic
acid as standard. Carbohydrates were ana-
lyzed using the anthrone method (Roe 1955)
and glucose as standard.
To eliminate the effect of increased algal
density in corals exposed to elevated nitrogen
concentrations (Muller-Parker et al. 1994),
the biochemical constituents of the zooxan-
thellae are expressed as concentration per cell
in contrast to the coral tissue, which is ex-
pressed as concentration per surface area of
animal tissue.
RESULTS
The biochemical composition (total pro-
tein, lipids, and carbohydrates) of isolated
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FIGURE 1. Carbohydrate, lipid, and protein content of zooxanthellae from the coral Pocillophora damicornis.
Filled circle, average control value; its 95% confidence interval is presented as a shaded area; open circle, nitrogen-
enriched colonies (2Q-JlM ammonium treatment); open square, nitrogen-enriched colonies (50-JlM ammonium treat-
ment); open triangle, nitrogen-stripped colonies. For number of samples see Table 1.
1000r------------------------,
Carbohydrates
800
600
o
FIGURE 2. Carbohydrate, lipid, and protein content of animal tissue of Pocil/ophora damicornis. For explanation
of symbols, see Figure I.
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algae and coral animal tissue at control
(ambient seawater) and at three ammonium
treatment levels are presented in Figures 1
and 2, respectively, and in Table l. Because
the control corals exposed to ambient sea-
water were expected to remain unchanged
throughout the entire experimental period
with respect to biochemical composition, a
single, pooled average value was calculated
from all time points for each biochemical
fraction. This average with its 95% confi-
dence interval is presented as the shaded area
in Figures 1 and 2. An examination of the
data shows no significant effect of nitrogen
enrichment on the biochemical composition
of the coral tissue (Table 1, Figure 2).
In the algal cells there was a decrease in
lipid content for the 50-J.lM ammonium en-
richment samples (Figure 1, Table 1). At that
ammonium concentration, the values re-
mained fairly constant throughout the ex-
perimental period. With respect to carbohy-
drate content, the 50-J.lM enrichment samples
clearly did not differ from the control and
again were not so variable. Protein level at
that ammonium concentration was constant
and always above that found in the control
samples. However, the lipid content of zoo-
xanthellae in corals exposed to the 20-J.lM
ammonium treatment was higher than the
mean control value, but still within the 95%
confidence interval of control corals. At that
concentration the changes in lipids, protein,
and carbohydrates did not show a constant
trend: during the first half of the experiment
(i.e., 4 weeks), there was an increase in all
three constituents, but during the second 4
weeks there was a decrease in lipid, carbohy-
TABLE I
PROTEIN, CARBOHYDRATE, AND LIPID COMPOSITION OF ZooXANTHELLAE AND ANIMAL TISSUE FROM
COLONIES OF Pocillopora damicornis INCUBATED AT DIFFERENT AMMONIUM LEVELS
(VALUES ARE MEANS ± SEM ON n DETERMINATIONS)
ZOOXANTHELLAE (pg CELL-I) ANIMAL TISSUE (/lg cm- Z)
TREATMENT PROTEIN CARBOHYDRATES LIPIDS PROTEIN CARBOHYDRATES LIPIDS
Stripped
2 weeks 404 ± 195 881 ± 280 102 ± 82.7 904 ± 249 136 ± 0.64 87 ± 21.3
n=2 n=2 n=2 n=2 n=2 n=2
6 weeks 694 1,039 106 580 123 87
n=1 n=1 n=1 n=1 n=1 n=1
8 weeks 863 ± 216 1,547 ± 164 128 ± 52.2 1,265 ± 177 322 ± 126 77 ± 22.6
n=2 n=2 n=2 n=2 n=2 n=2
Control 594 ± 209 646 ± 399 138 ± 89 902 ± 498 276 ± 267 172 ± 106
n=8 n=8 n=8 n=8 n=8 n=8
20/lM
2 weeks 936 ± 435 736 ± 147 197 ± 116 755 ± 257 225 ± 6.7 155 ± 104
n=2 n=2 n=2 n=2 n=2 n=2
4 weeks 999 ± 597 1,059 ± 196 236 ± 220 923 ± 221 213 ± 10.3 150 ± 13.8
n=2 n=2 n=2 n=2 n=2 n=2
6 weeks 495 ± 36 473 ± 464 125 ± 58.4 523 ± 196 155 ± 17.1 130 ± 7.7
n=2 n=2 n=2 n=2 n=2 n=2
8 weeks 669 ± 127 548 ± 322 165 ± 63.1 1,020 831 172
n=2 n=2 n=2 n = I n = I n=1
50/lM
2 weeks 680 ± 39.4 634 ± 331 47.7 ± 22.6 2,472 ± 2,110 411 ± 341 180 ± 198
n=2 n=2 n=2 n=2 n=2 n=2
6 weeks 963 544 34.2 804 208 151
n=l n = I n=1 n=1 n=1 n = I
8 weeks 890 ± 98.2 729 ± 180 41.1 ± 7.5 1,175±739 236 ± 91.7 80.4 ± 14.0
n=2 n=2 n=2 n=2 n=2 n=2
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drate, and protein content of zooxanthellae,
but the values did not differ from those of
zooxanthellae from the control.
In the nitrogen-stripped samples there was
a slight and gradual increase in cellular carbo-
hydrates and protein toward the end of the
experiment; lipid content remained more or
less constant and within the 95% confidence
interval of control corals.
DISCUSSION
The results of this investigation show that
exposure of the hermatypic coral Pocillopora
damicornis to nitrogen enrichment did not
alter significantly (P = 0.05) the biochemical
composition of the coral animal tissue. Our
coral tissue analyses agree with those of Mus-
catine et al. (1989), whose values also did not
show any clear-cut effect of the various en-
richment treatments, including nitrogen en-
richment. Muller-Parker et al. (1992) found
that the C : N : P ratio of the animal tissue
in samples from the very same colonies of
P. damicornis we studied, and the same ex-
perimental treatments, did not change with
ammonium enrichment. Although Muller-
Parker et al. (1994), also as part of the same
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experiment, observed an increase in areal
animal protein concentration after 8 weeks
of exposure to the 20-JlM ammonium treat-
ment, we did not detect such an increase.
Our results show that in the zooxanthel-
lae, the amount of protein per algal cell in-
creased in both ammonium concentrations.
This change was already noticeable after 2
weeks of ammonium enrichment, and most
of the changes occurred within the first 2
weeks of exposure. This agrees with Muller-
Parker et al. (1994), who also found that be-
yond the first 2 weeks continuous ammonium
enrichment had little further effect on the
algal biomass parameters. The changes in
the biochemical composition of zooxanthel-
lae (Table I) expressed per cell were not
caused by differences in cell size. Berner and
Izhaki (1994) show that cell diameters of all
zooxanthellae isolated from the corals were
equal, regardless of nitrogen treatment.
The carbohydrate-to-protein and lipid-
to-protein ratios in zooxanthellae and in
animal tissue are presented in Table 2. The
carbohydrate-to-protein ratio in the zoo-
xanthellae at 20 JlM and 50 JlM ammonium
enrichment did not deviate much from the
control value, which was around unity. In the
ammonium-stripped corals, this ratio was
TABLE 2
RATIo OF LIPIDS TO PROTEIN AND CARBOHYDRATES TO PROTEIN IN ZooXANTIlELLAE AND ANiMAL TISSUE IN CoLONIES
OF Pocillopora damicornis INCUBATED AT DIFFERENT AMMONIUM LEVELS
ZOOXANTHELLAE ANIMAL TISSUE
TREATMENT LIPIDS/PROTEIN CARBOHYDRATES/PROTEIN LIPIDS/PROTEIN CARBOHYDRATES/PROTEIN
Stripped
2 weeks 0.229 2.276 0.097 0.181
6 weeks 0.153 1.498 0.149 0.212
8 weeks 0.161 1.876 0.063 0.246
Control
0.242 1.165 0.234 0.317
20 JlM
2 weeks 0.204 0.841 0.193 0.269
4 weeks 0.207 1.363 0.165 0.283
6 weeks 0.248 0.924 0.264 0.299
8 weeks 0.241 0.881 0.169 0.815
50JlM
2 weeks 0.069 0.919 0.061 0.492
6 weeks 0.036 0.565 0.188 0.258
8 weeks 0.046 0.813 0.090 0.233
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higher because of the decrease in carbohy-
drate content of the algal cells. The ratio
between lipids and protein in zooxanthellae
from the control samples, and in those from
corals exposed to the 20-pM ammonium
treatment, was between 0.20 and 0.25. In
algae from corals kept in 50 pM ammonium,
this ratio dropped from 0.04 to 0.07, which
reflects the decrease in lipid content and con-
comitant increase in protein.
Muller-Parkeret al. (1992) showed that
zooxanthellae from N-enriched P. damicornis
had less C and more N per cell than those
from the seawater control corals. Analysis
of the relative abundance of carbohydrates;
lipids, and protein in zooxanthellae from
Stylophora pistillata (Muscatine et al. 1989)
revealed that carbohydrates per cell were
significantly lower for N-treated corals than
in control colonies. However, we could not
demonstrate the same effect in zooxanthellae
from P. damicornis.
In phytoplankton there is a general pre-
dominance of protein over other constitu-
ents. However, in the Dinophyceae, to which
the zooxanthellae belong, the ratio of protein
to carbohydrates is lower than in other algae
and also approaches unity (Parsons et al.
1984). In the coral tissue, carbohydrate levels
are lower, and therefore the ratio between
carbohydrates and protein is rather low.
Parsons et al. (1961) emphasized that their
results, showing similarity in the chemical
composition of various species of free-living
phytoplankton cells, were obtained with no
nutrient limitation, and the results would
have been different had the cells been grown
under conditions of nutrient deficiency.
Fabregas et al. (1986a,b) found that under
high nitrogen concentrations there was an in-
crease in protein in Isochrysis galbana and in
both protein and carbohydrates in Dunaliella
tertiolecta. However, those authors used
nitrogen concentrations that were more than
two orders of magnitude higher than those
used in our experiments. It is not unreason-
able to expect that to detect notable changes
in the biochemical composition of algae, the
colonies should be exposed to much higher
concentrations than those used in our
experiments.
Berner and Izhaki (1994) show, by analyz-
ing the ultrastructure of zooxanthellae, that
in the control corals and in corals grown in
nitrogen-stripped seawater the percentage of
cell volume of starch and lipid inclusions is
higher than in the zooxanthellae from corals
grown at elevated nitrogen levels. The stor-
age materials occupied only 15% of the algal
cell volume. These findings are not clearly
reflected in our results. However, it should be
emphasized that our determinations include
the total amounts of the biochemical compo-
nents, of which the storage material com-
prises only a small portion. Furthermore,
the storage bodies found by Berner and
Izhaki (1994) may also contain nitrogenous
compounds. Nevertheless, as mentioned pre-
viously, in the zooxanthellae of nitrogen~
stripped and seawater control samples there
was an increase in carbohydrate content
toward the end of the experimental period.
Lipid content of zooxanthellae from the
50-pM ammonium enrichment was higher
than that of the control and the nitrogen-
stripped zooxanthellae; this reflects the trend
found by Berner and Izhaki (1994).
In the N-enriched corals the density of
the zooxanthellae increases (Muscatine et al.
1989, Muller-Parker et al. 1994), and this is
associated with a relative decrease in lipids in
the zooxanthellae. It can be assumed that
under these conditions either lipids were not
synthesized to the same extent as in the low-
nitrogen zooxanthellae or lipids were used
for algal proliferation, and thus nitrogen
might regulate zooxanthellae density within
the coral. Heegh-Guldberg (1994) found that
the mitotic index of zooxanthellae from the
same corals exposed to ammonium enrich-
ment was two to three times higher than in
the control corals. Coleman et al. (1988) sug-
gested that nitrogen deficiency inhibits cell
division so that the carbohydrates and lipids
produced are divided among fewer cells, in-
creasing the quantity of storage products per
cell.
Some of the differences and inconsisten-
cies in our results might be due to the
high heterogeneity ofthe samples. G. Muller-
Parker (pers. comm.) reported a high vari-
ability in the density of algal cells in the coral
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tissue of our control samples, commonly
ranging over an order of magnitude.
In conclusion, this initial study on the bio-
chemical composition of coral tissue and
zooxanthellae shows that we could not dem-
onstrate major consistent changes in the bio-
chemical composition ofcoral tissue. In some
cases, a general similarity between zooxan-
thellae and free-living microalgae does exist;
nevertheless, differences can be found as well.
In free microalgae, considerable variations as
a function of species and ecological condi-
tions were shown to exist. It is possible that
in different host corals and at different initial
nutritional conditions the zooxanthellae will
exhibite different responses. This species-
specific response might also be reflected in
the deviation from results presented by other
investigators. Furthermore, because most of
the changes, especially under high ammo-
nium concentrations, probably occurred
within the first 2 weeks of exposure, the time
course and dynamics of change should be
studied. Any assumptions drawn from our
preliminary measurements must be con-
firmed by further studies on a larger scale.
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